Complimentary DNAs for three beta-adrenergic receptors (βARs) were isolated and 27 characterised in the fathead minnow. The encoded proteins of 402 (β 1 AR), 397 (β 2 AR) and 28 434 (β 3 AR) amino acids were homologous to other vertebrate βARs, and displayed the 29 characteristic seven transmembrane helices of G Protein-coupled receptors. Motifs and amino 30 acids shown to be important for ligand binding were conserved in the fathead minnow 31 receptors. Quantitative RT-PCR revealed the expression of all receptors to be highest in the 32 heart and lowest in the ovary. However, the β 1 AR was the predominant subtype in the heart 33 (70%), and β 3 AR the predominant subtype in the ovary (53%). In the brain, β 1 AR expression 34 was about 200-fold higher than that of β 2 -and β 3 AR, whereas in the liver, β 2 AR expression 35 was about 20-fold and 100-fold higher than β 3 -and β 1 45 AR expression, respectively. Receptor 36 gene expression was modulated by exposure to propranolol (0.001 -1 mg/L) for 21 days, but 37 not in a consistent, concentration-related manner. These results show that the fathead minnow 38 has a beta-adrenergic receptor repertoire similar to that of mammals, with the molecular 39 signatures required for ligand binding. An exogenous ligand, the beta-blocker propranolol, is 40 able to alter the expression profile of these receptors, although the functional relevance of 41 such changes remains to be determined. Characterisation of the molecular targets for beta-42 blockers in fish will aid informed environmental risk assessments of these drugs, which are 43 known to be present in the aquatic environment. Adrenergic receptors (ARs) belong to the G protein-coupled receptor (GPCR) superfamily of 52 proteins, which constitute the largest proportion of membrane signal transducers [38]. There 53 are two main types of adrenoceptors, the αARs and βARs, and for each several subtypes have 54 been identified in mammals: α 1a , α 1b , α 1d , α 2a , α 2b , α 2c , and β 1 , β 2 , β 3 [13, 59] . There is 55 emerging evidence that fish also express the same receptors; for example, α 1a -, α 1b -, α 1d ARs 56 have been characterised in rainbow trout [10]; α 2b -, α 2c -and α 2d ARs in zebrafish [54]; β 1 -, 57 β 2 -and β 3 ARs in zebrafish [67] and black bullhead [16]; β 2 -and β 3 62 AR in rainbow trout [41, 58 42]. Additionally, genomic sequencing has identified homologues in medaka, stickleback, 59
Introduction 51
The fathead minnow βAR sequences were used to search for homologues in other species 125 using Blast (www.ncbi.nlm.nih.gov). Sequence and phylogenetic analyses were performed 126 using the following database entries: For β 1 AR: Homo sapiens (human) . The amplicons were cloned and sequenced to 167 confirm their identities. QPCR standard βARs were prepared by in vitro transcribing cloned 168 amplicons to generate RNA (Riboprobe, Promega), which was serially diluted (10 7 -10 1 169 molecules) prior to use. Assays (20 µl) utilising Quantitect SYBR Green (Qiagen) and 0.5 170 µM (β 1 AR and β 2 AR) or 0.1 µM (β 3 AR) each of forward and reverse primers were carried 171 out in 96-well plates, with an efficiency greater than 90%. One µl of each sample mRNA (5 172 ng/µl), RNA standards and non-template control (sterile water) were assayed in triplicate. 173
The QPCR cycling included a reverse transcription step (30 min at 
Phylogenetic analysis 235
The phylogenetic analysis ( Interestingly, the salmon β 4c AR showed close relatedness to the trout β 3b AR receptor, and 239 pair-wise alignment revealed these to be 97 % identical. It is therefore highly likely that the 240 salmon receptor is a β 3 subtype, and we propose it should be re-named accordingly. Turkey 241 β 4c AR is grouped with the human, mouse and sheep β 3 ARs, but this receptor has been fully 242 characterised and shown to differ from the human β 3 245 AR pharmacologically as well as 243 structurally [9] . 244
3.4
Gene expression 246 expression observed in the heart (2,000-65,000 copies/ng mRNA) and lowest in the ovary 248 (45-160 copies/ng mRNA). In the brain, expression of β  AR was about 200-fold higher than 249 that of β 2 -and β 3 AR, whilst in the liver the β 2 AR was expressed about 20-fold and 100-fold 250 higher than β 3 AR and β 1 AR, respectively. The expression of β 3 AR showed the least 251 variation in the tissues examined, with only about a 20-fold difference between lowest (10 2 252 copies/ng mRNA in brain and ovary) and highest (2x10 3 copies/ng mRNA in the heart) 253 expression. In contrast, β 2 AR expression varied about 350-fold between brain (<10 2 254 copies/ng mRNA) and heart (2x10 4 copies/ng mRNA), and β 1 AR 1400-fold between ovary 255 (<10 2 copies/ng mRNA) and heart (6x10 we were unsuccessful in obtaining other full-length β 2 -and β 3 ARs from fathead minnow 271 liver, and therefore believe it is inappropriate to refer to the receptors reported here as a 272 particular β 2 -or β 3 AR subtype. The presence of multiple copies of genes in teleost fish 273 would be expected, as three whole genome duplications (3R) are believed to have taken place 274 since the origin of vertebrates some 500 to 800 million years ago [21] . However, subsequent 275 gene loss has also occurred, and therefore there is uncertainty as to the number of gene 276 subtypes present in a single species. In a study designed to determine the number of βAR 277 genes in zebrafish [67], a single β 1 AR and two β 2 -and β 3 AR genes were found. Given the 278 close relatedness between zebrafish and the fathead minnow, it is likely that there may be 279 further β 2 -and β 3 ARs encoded by the fathead minnow genome yet to be identified. the number of phospho-serine and phospho-threonine residues may not be the decisive factor 321 in controlling GPCR signalling, as the extent of phosphorylation is not necessarily related to 322 the affinity for arrestins, or subsequent internalisation. New roles for arrestins have also been 323 discovered, whereby the internalised receptor-arrestin complex acts as a scaffold to facilitate 324 protein-protein interactions, leading to activation of MAPK signalling cascades [45] and 325 acting as a signal initiator rather than signal terminator. It is therefore clear that the regulation 326 of the βARs may be complex, and further studies are required to elucidate the importance of 327 the proposed phosphorylation sites. 328
329
The fathead minnow βARs were expressed in all tissues tested, with highest expression 330 observed in the heart. There is general agreement that it is the β 1 AR subtype which is of 331 greatest functional importance in the heart [49], and similar to mammals the fathead minnow 332 Whilst there is general agreement with regards to tissue localisation of β 1 AR and β 2 ARs in 361 fish, differing localisation of β 3 AR has been reported. In fathead minnow, the β 3 AR was 362 detected in heart>liver>ovary>brain (this study), and additionally we have found it to be 363 present in the gill, red blood cell and adipose tissue (unpublished data). We therefore cannot 364 rule out that some of the β 3 AR expression, especially in highly vascularised tissues such as 365 the heart and liver, is accounted for by residual blood in those tissues. Both zebrafish β 3 ARs, 366 similar to trout β 3b AR, were expressed predominantly in the blood with very low expressiontrout β 3a AR in heart, gill and red muscle [42] . The picture is further confused by the fact that 369 the trout β 3 ARs share 84% sequence identity and are more similar to zebrafish β 3a -than β 3b 370 receptors. The apparent broad tissue distribution of fish β 3 AR is similar to mammals, where 371 the possibility of wide-ranging actions. Interestingly, whilst expression levels in the fathead 374 minnow ovary were low, the β 3 AR was the predominant adrenoceptor (53%) in that tissue. A 375 specific role for the β 3 379 AR in the human myometrium has been suggested by a study showing 376 that it is the predominant βAR subtype in that tissue, and it is upregulated in near-term 377 pregnant myometrium [51] . 378
Exposure to propranolol, a non-selective beta-blocker, altered expression of the three βARs 380 to different extents in the fathead minnow tissues tested, and whilst some significant up-and 381 down-regulation (compared to control fish) were observed, there were no consistent dose-382 response effects. The lack of a concentration-related response is particularly interesting given 383 that at the highest (0.1 and 1 mg/L), but not the lower (0.001 and 0.01 mg/L) doses, plasma 384 propranolol levels in the fish exceeded human therapeutic levels [25] . Studies in man and rats 385 are conflicting, but suggest that chronic treatment with beta-blockers can up-regulate receptor 386 density [7] , although there appears to be no direct relationship between receptor gene 387 expression and protein levels [28, 39] . However, it should be noted that the human data is 388 generally obtained from studies of people with severe cardiac problems, and the response 389 may therefore not be comparable to our study with healthy fish. Thus, whilst it appears that 390 chronic exposure to propranolol can modulate βAR gene expression in fathead minnow 391 tissues, the results need to be replicated and include receptor protein measurements and 392 functional data in order to interpret these changes in a meaningful way. data is presented as number of copies/ng mRNA +/-SEM. Three replicates of each sample 634 were analysed; n=7-8 for liver, ovary and brain, whereas the small size of the heart required 635 these to be pooled and as a consequence n=1. Three replicates of each sample were analysed; n=7-8 for liver, ovary and brain, whereas the 643 small size of the heart required these to be pooled and as a consequence n=1. ALKTLGIIMGIFTLCWLPFFVANIINVFNRDLLTMYVFRYLNWLGYINSSLNPIIYCRSP 337 ********** *********: *: .: : * ***:** **::**:****** --------TM6---------------------------TM7--------β1AR DFRKAFKRLLCCPRQADRRLHVSSCDLSRCTGGFVNSMEQSMLGTWSDCNGTDSRDCSLE 388 β2AR EFRCAFQEILCR-----RTSHLPS---TRNNKGFIYSGHSWKVHTKTARQREPSPACETE 374 β3AR EFRAAFKNLLGCPWVSPLRMNFLYKELRTRCTCFLGSAESGMPGSFEKPPTSPGALPGEG 397 :** **:.:* :. *: * .. :
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